Summary. Methods to analyze well-test data influenced by variable-skin and cleanup effects are introduced, with emphasis on verifications of consistency in drawdown and buildup data. It is shown that a stable cleanup trend can be modeled by a simple hyperbolic skin factor in solutions for wells with constant skin. It is also shown that if the skin effect stabilizes at constant values within the general cleanup trend, then segments of data fitting a model with constant skin should be detectable. In some cases, repetitions of such segments can be used to estimate the formation flow capacity and the well cleanup rate. We also discuss how a gradual reduction in the skin effect in drawdown data can produce a false semilog straight line and lead to gross overestimation of flow capacity and skin. Well cleanup can produce constant or nearly constant bottomhole pressures (BHP's) during periods of constant-rate production, thus giving a false impression of pressure support in the reservoir. Methods presented will help to recognize whether a well is strongly influenced by either gradual or abrupt cleanup effects.
Introduction
Proper identification of cleanup effects in drawdown data is important, especially if combined effects of reservoir drawdown and well cleanup can produce false semilog straight lines. If analyzed with conventional semilog methods, such data can lead to gross overestimation of flow capacity and skin. To estimate the asymptotic skin value and to show consistency in drawdown and buildup data, the cleanup rate must be determined.
The cleanup behavior of wells damaged during drilling or completion operations is affected by several factors. Upon considering drill stem tests (DST' s), Peterson and Holditch 1 emphasized permeability and pressure drawdown. Concerned with the extent of the damaged zone, Phelps et al. 2 observed that capillary imbibition caused deep filtrate invasion in high-permeability reservoirs. They also noted that irreducible hydrocarbon saturation was never reached at the sandface. The observed depths of invasion were on the order of I m. Similar values were indicated in Ref. 1. van Everdingen 3 and Hurst,4 who introduced the skin concept to account for differences in measured and computed wellbore pressures, assumed the skin zone to have negligible extent in the mathematical model. van Everdingen also stated that the actual radial extent of the damaged zone could be assumed to be < 6 m. Krueger 5 indicated values similar to those given in Refs. 1 and 2.
Here, we assume only that the damaged zone is of limited radial extent, such that pressure transients caused by changes in this zone will be of small duration. Under constant-rate production, the flow rate entering the skin zone can then be assumed constant even if the pressure drop across the zone varies. The pressure drop in the well should equal the pressure drop in a similar well with zero skin plus the possibly variable pressure drop across the skin zone.
A simple empirical hyperbolic expression for skin as a function of time or cumulative production is used to model a variable-skin effect in drawdown data. This model, deduced from the observed behavior of several oil and gas wells offshore Norway, gives both the cleanup rate and the asymptotic skin value. If the cleanup trend changes because of possible changes in the flow rate, then the model must be modified.
An important point about cleanup effects is that a gradual reduction in the skin effect of drawdown data can give a false impression of pressure support in the reservoir or produce an exaggerated flow capacity. Incorrect pressure-support estimates can result if the skin-effect reduction is proportional to the BHP in a period of sernilog data, provided that the skin factor does not decline too fast. In cases of pronounced stepwise reduction in the skin effect, indicated in drawdown data by sudden increases in BHP, it is often found that, in segments of the data, the BHP follows a trend consistent with buildup data. Moreover, if buildup data or other welltest data free of cleanup effects are not available, then repetitions of such segments with the same semilog slope can be used to estimate the formation flow capacity and the cleanup rate.
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Theory
The main assumption for a well undergoing cleanup is that effects of a damaged zone with variable properties can be modeled with a variable-skin factor in solutions for wells with constant skin. This can be justified from theoretical and empirical observations.
For the theoretical observations, it is convenient to start with the basic equations for single-rate drawdown data. After wellborestorage effects in such data are neglected, the flowing BHP (BHFP) can be expressed as in Eq. 1. The skin equation is obtained by choosing values for dp and PwD that correspond to t= 1, possibly by extrapolation of the semilog straight line. Outside the skin zone in unbounded homogeneous reservoirs, we usually assume that the exponential-integral solution, It follows that the pressure gradient, and hence the flow velocity, must be at steady state when Eq. 5 applies. This can be the case at relatively short flowing times near the wellbore. More precisely, because we obtain
from Eq. 4, the flow velocities obtained from Eqs. 4 and 5 will be accurate within 1 % if tDlrJ ~25. Note also that if Eq. 5 ap-
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which also applies under steady-state conditions. If we assume a cylindrical skin zone of limited extent, then the pressure gradient in this zone must reach steady state after only a short transition period. Moreover, if the skin zone has uniform properties, then the Hawkins 6 formula, 
is easily derived from Eqs. 2 and 7 by adding and subtracting p(rs,t) to the difference p(rw,t)-pwj(t), where p(rw,t) denotes the pressure determined from PwD'
Because properties in the damaged zone cannot be assumed to be uniform in real wells, Eq. 8 should be thought of in terms of average values. If the well is undergoing cleanup, then properties will also change with time. If the extent of the zone is small, however, then transient effects caused by changes in properties should be of negligible duration. This agrees with observations in field data.
When considering Eqs. 1,3, and 5 for homogeneous reservoirs, note that the difference between Pwj and pressures at small radii must reach steady state after short transition periods. The same must also be true for more complicated well and reservoir models. At small radii, as for a damaged zone, we can then assume a step change in properties to yield a corresponding step change in pressure drop across the zone. This allows us to replace a constant skin value in a given wellbore-pressure solution with a time-dependent skin value.
If the skin effect is caused by limited flow entry, high-velocityflow phenomena, gas blockage in an oil well flowed under the bubblepoint, liquid dropout in a gas-condensate well. or some other factor in addition to formation damage, then radial distances involved can be sufficient to cause significant transient effects in wellbore pressures. If the skin effect stabilizes at some level over a sufficient time interval in a flow period, however, then data reflecting the true reservoir response should still be observed.
Idealized Variable-Skin Model
The idealized variable-skin model adopted is based on the assumption that standard solutions for wells with constant skin can be modified to account for changes in skin by replacing the skin factor with an appropriate function of time.
On the basis of empirical observations (basically plots of skin vs. time from single-rate drawdown periods undergoing gradual cleanup), it was found that the skin factor can be represented by the simple hyperbolic function where c is a constant for the asymptotic skin value-i.e., the value approached if the well continues to clean up at the same rate. The skin values needed to determine the parameters a, b, and c in Eq. 10 can be determined from drawdown data by converting pressure differences to differences in skin. This procedure is described in the next section. If Eq. 9 applies during a period where PwD is given by Eq. 3 (i.e., during a period of semilog data in terms of a constant skin factor), then the BHFP must be given by If a=2b, then these points will merge into a point of inflection. Otherwise, the slope will be negative for all t. Of course, these assertions will be affected by wellbore-storage effects.
If a semilog straight line is obtained in an interval where the second bracketed term of Eq. II cannot be neglected and the slope of this line is used in a conventional semilog analysis, then flow capacity and skin can be grossly overestimated. This can happen if the term appears to be constant without being negligible. Also, if the skin factor decreases logarithmically by I. lSI units over one log cycle of data, then the BHP will be constant over this period. This can be deduced from Eq. 10.
In cases where only drawdown data known or suspected to be strongly influenced by cleanup effects are available for analysis, we can search for repetitions of a trend in the data that might indicate the true semilog response. The flow capacity and cleanup trend can readily be determined from any such segment.
Well A
Well A was completed and perforated with standard wireline casing guns at hydrostatic pressure in a 19-m-thick sandstone interval. Gas condensate and small amounts of water were produced during two flow periods. The test sequence, shown in Fig. 1 , clearly exhibits cleanup behavior because the BHP is increasing during periods with constant flow rate.
Although the two buildup periods were strongly influenced by wellbore-storage and fluid-segregation effects caused by a malfunc- tioning downhole tester valve. the final straight lines on the singlerate Horner plots give consistent estimates of flow capacity. These estimates are in good agreement with core data. Fig. 2 shows the Horner analysis of the second buildup period; Table 1 lists relevant input parameters. Fig. 3 shows the last log cycle of data from the first drawdown period, with a semilog straight line based on the kh value from the Horner analysis and the skin value 69.1 included. This straight line can be used to quantifY the cleanup behavior from Eq. 2. The point is that, because m =60. 7, a point lying, for instance, 100 kPa below the straight line will correspond to a skin value of 69. 1 + 1.151(100/60.7)=71. Actually, with skin deviation corresponding to a fixed length on the vertical axis determined, we can easily run through the data and set up a table of skin vs. time. Such a table is plotted in Fig. 4 , with a hyperbola fitted to the data by a trialand-error procedure. Considering Fig. 3 , note that repeated segments with the assumed semilog response are not easily found.
The following procedure was used to determine the parameters of the hyperbola. We guessed a value for c from a linear plot of S vs. t and then plotted lI(s-c) vs. t in linear coordinates. If the data fell on a straight line, then the slope of the straight line was lIa and its vertical intercept bfa. Smaller values for c were tried if the data curved upward; higher values were tried if the data curved downward. We stopped when a straight line was found. Fig. 5 compares observed wellbore pressures and synthetic wellbore pressures with storage and hyperbolic cleanup computed by choosing a hyperbolic skin value for each point in the solution for a well with storage and constant skin. The match is excellent except for periods with rate changes.
The above procedure was repeated for the second flow period, with results shown in Figs. 6 through 8. This period produces a better match and exhibits a stepwise cleanup effect with short segments of data parallel to the correct semilog straight line (Fig. 6) . If the data from this drawdown period were the only data available for analysis, we could still roughly estimate the true semilog response of the formation and the cleanup trend by using the repeated semilog trend. Peterson and Holditch 1 sought a method of this type for DST's in low-permeability reservoirs.
The stepwise cleanup behavior seen in these drawdown plots is often encountered in wells perforated at hydrostatic pressure. This behavior can be caused by removal of formation fines, mudcake, or perforation debris from the perforation tunnels.
Well C Well C was completed with an internal gravel pack in a poorly consolidated sandstone reservoir containing dry gas at low pressure. Underbalanced tubing-conveyed perforating was followed by a short cleanup flow before gravel-pack placement. Substantial fluid loss during this operation resulted in a highly damaged completion.
The 7.5-day test sequence of the well is shown in Fig. 9 . The short buildups were included to check the pressure at the surface. A high cleanup rate was observed during the first day of production, with the BHP later approaching an apparent steady-state condition. After 3.6 days of production, two BHP recorders were retrieved and rerun during a buildup period. Some completion fluid was lost to the formation during this operation, evidently reducing well performance and causing a new cleanup trend in the subsequent flow periods, as shown clearly in Fig. 9 .
The last buildup period gave the best data for analysis, with k=0.354 p,m 2 determined by single-rate Horner analysis. This k value was also used in the other buildup periods to determine skin. Table 2 gives the other parameters used in these analyses. Each buildup period was analyzed on a single-rate pressure-squared Horner plot obtained from the effective producing time. Because some rates were estimated from wellhead pressures, the method of fitting straight lines with the slope computed from the assumed permeability and rate did produce some poor matches. Some of the skin values, therefore, deviate from the overall trend. For Well C, we observed that a plot of skin vs. cumulative production showed two hyperbolic trends, both with asymptote c= 19. The resulting hyperbolas are shown in Fig. 10 . Note that cumulative production is used as the main variable here because the analysis is extended over periods with different flow rates. Note also SPE Formation Evaluation, September 1990 that the asymptotic skin value of this well will be affected by turbulence near and in the gravel pack and hence will depend on the flow rate.
Conclusions
1. Cleanup effects can be modeled by a hyperbolic expression for skin as a function of time in drawdown solutions derived for wells with constant skin.
2. For drawdown periods strongly influenced by cleanup effects, it is possible to identify data segments reflecting the correct reservoir response. These segments can also be used to estimate reservoir parameters and to determine the hyperbolic cleanup trend.
3. A small reduction in the skin effect can produce false semilog straight lines and lead to gross overestimation of flow capacity and skin if analyzed as the true reservoir response. 
